Complex, real-world behavior takes place in complex, real-world environments. Efforts to study cognition in such environments can be hampered by difficulty in accurately tracking information flow. This problem may be tackled by studying task performance in the context of a scaled world-an abstracted version of the task environment designed to elucidate information flow while maintaining the critical elements of that environment. Scaled worlds are discussed in the context of our current research, Project NEMO.
Human research spans the time scale of human action (Newell, 1990 ; see Table 1 ); encompassing neural events occurring in microseconds to evolutionary events which can take millions of years. Human Factors research typically focuses on behavior from the three central bands of this scale: cognitive, rational, and social. 1U3 100 ms Neuron 1o-4 100 FLs Organelle Biological Band Studying behavior at the cognitive level entails characterizing the cognitive processes underlying the performance of some task. Although the behavior manifested by these processes is observable, it alone is an incomplete means by which to infer the underlying (unobservable) cognition. One also needs theoretical guidance, an understanding of the task itself, and an accurate account of the inputs, i.e., what was retrieved from memory and encoded from the environment during task performance.
Complex, dynamic environments can present an obstacle to cognitive-level research in that their inherent chaos can obscure any or all of these things -inputs, outputs, relevant theory, and understanding of the task. Theoretical guidance and task comprehension can be sought independent of the observation of task performance (i.e., before, during, and/or after data collection), Accurate tracking of environmental inputs and behavioral outputs, on the other hand, must be an integral part of the data collection method. If the data do not enable unambiguous identification of inputs and outputs, the researcher is forced to rely on intuition, thus weakening the inferential foundation of the analysis.
One way to improve tracking of information flow is to collect data using a scaled world -a scaled version of the task environment designed to highlight particular aspects of task performance.
SCALED WORLDS
Creating a scaled version of an environment comes at the cost of naturalism; i.e., removal of the certain aspects of the environment may fundamentally change the nature of the behavior and thus place the generalizability of the research endeavor into question. Balancing experimental control with generalizability is a classic concern in the design of behavioral research (e.g., Hammond, 1986) and is particularly important in applied research.
As can be seen in Figure 1 , the decisions about what aspects of the environment get pared away are driven by both methodological and practical constraints.
Methodological
Constraints ,-b (e.g., research focus) Avoiding the danger of paring away the wrong aspects of the task requires an understanding of the original environment sufficient to weigh the cost of excluding various elements. If the research is in an early phase and the behavior and task environment are not yet well understood, it is difficult make these determinations a priori. Thus, a prudent tack may be to include as much of the environment as is practical in initial data collection.
As understanding of the task grows and the research becomes more focused, the researcher is in a better position to make principled decisions about which features of the environment to exclude. Thus, incorporating scaled worlds into research is an iterative process, whereby the scaled world is increasingly tailored to suit the increasingly focused goals of the research project. This has been the case in Project NEMO, which is illustrated schematically in Figure 2 and described in more detail below.
PROJECT NEMO
Commanders of 2 1 st century submarines will be given command workstations that will allow them to directly query and receive data regarding hostile, friendly, and neutral targets. Understanding the information needs of the submarine commander in his role as Approach Officer (AO) is vital to the design of this workstation and is the goal of Project NEMO. This project has required a multi-phase approach that incorporates the applied tools and techniques available to human factors practitioners with the theoretical ones available to cognitive science researchers.
Our task is to derive a step-by-step account of the cognitive processing involved in the AO's situation assessment task. Situation assessment entails determining the distance, bearing to one's own ship (OS), course, speed and intentions of other ships in the area. It must be performed in a complex and dynamic ocean environment where sound waves, the main source of the AOs data, bend and bounce off temperature layers, the sea floor, or the ocean surface before reaching the AO. In addition, both continuous and discrete movements of OS and other ships mean the tactical situation is dynamic and cannot always be controlled by the AO.
PHASE 1 SCALED WORLD -CSEAL
The choice of our Phase 1 scaled world was driven by the goal of feeding our results into the design of a command workstation. It was not possible to study how AOs interacts with such workstations in the natural environment, because such workstations do not yet exist onboard submarines. Our best option was CSEAL (Combat System Engineering and Analysis Laboratory), a high-fidelity ocean simulation residing at the Naval Undersea Warfare Center which had a commandworkstation-like interface.
In this first phase of Project NEMO we collected verbal protocols from AOs as they performed a situation assessment task. This task required AOs, using information presented via CSEAL's displays, to localize two targets: a friendly merchant ship, and a hostile submarine. The second phase, analyzing these data, provided us with the cognitive structure of the task (documented in detail elsewhere, e.g., Gray, Kirschenbaum & Ehret, 1997a , 1997b 
PHASE 3 SCALED WORLD -NED
To get beyond what AOs do, to why and when they do it required us to push deeper into Newell's cognitive band. To do this we needed more control over the AO's information acquisition than CSEAL could provide. There were several characteristics of CSEAL's displays noted during the Phase 2 analysis, which would prohibit an analysis at this lower level. First, the displays were replete with information fields that could be quickly and easily browsed, i.e., browsed much more quickly than could be verbalized. Second, many displays contained information that could be obtained from other displays. Hence, knowing what display the A0 was currently looking at did not uniquely define the subset of information he could obtain there. Related to this, getting from display A to display D often required navigating through displays B and C. Thus, it was not often clear whether decisions made at display D resulted from information obtained at that display or information obtained along the way.
To continue, it was clear we needed more precise tracking of the query and receipt of information. We also needed to minimize opportunities for AOs to receive information without our detecting that receipt. Ned, a scaled world based on CSEAL, was developed to meet our practical and methodological constraints.
First, Ned had to be portable. There are relatively few AOs and they are not readily available for laboratory research. Therefore, Ned was built using Macintosh Common Lisp (MCL) allowing it to run on a PowerBook notebook computer.
Second, Ned had to provide AOs with access to all the information they needed to perform the task. This constraint was satisfied by comparing the information provided by CSEAL's displays with the information verbalized by AOs in the Phase 2 verbal protocol data. Any information present in CSEAL but not verbalized by the AOs was a candidate for exclusion from Ned. To ensure that critical information was not excluded, Ned underwent several cycles of usability testing by AOs and other experts. As a result of this process, the number of information fields in Ned is an order of magnitude less than the number in CSEAL.
Third, while providing AOs with access to all the information they needed, we needed to maintain a strict record of all information they accessed. In part, this objective was met by making each piece of information unique to a given display. (Aside from some fields that represent the same information in different formats, for example graphically and textually.) In addition, Ned's displays are easily traversed via an always-visible "floating" display navigation palette. This avoids the problem encountered in CSEAL of having to first open one display to get at the control that opens the desired display.
The last part of tracking information access entailed covering all graphics and numerical values with gray boxes. When a display opens, all information values are concealed, with only their labels remaining visible. To obtain the information, the A0 must move the mouse to and click on the covering gray box. After clicking, the information remains visible until the mouse moves out of the field. An expected by-product of this arrangement is to make information seeking more systematic by imposing a small cost on information browsing (Lohse & Johnson, 1996) .
All interface events, including uncovering of the gray boxes, are timestamped and saved to a log file along with the information that was revealed. This log file provides us with a fine-grained action protocol of the information the AOs query and receive. Because we designed Ned's experiment mode to include only a single piece of information under each gray box, there is a one-to-one mapping between A0 actions and information search and retrieval. Such an arrangement allows us to translate each user action recorded in the log file into a standardized encoding, similar to those used in the Phase 2 analysis.
Requiring AOs to click on gray boxes is a design decision made to facilitate data collection and analysis. Compared to using Ned without gray boxes, it imposes a slight cost on information access, may pose an increased load on working memory, and minimizes the serendipitous receipt of non-queried information.
It is important to note that Ned is not a prototype A0 workstation, but a tool to gather the information requirements that such a prototype must include. The data obtained from the Ned scaled world can be used to design a workstation that minimizes the costs of information gathering, minimizes working memory load, and maximizes the opportunity for receipt of nonqueried information that is relevant to the current goal.
By making the AOs' information needs explicit, we believe that the first A0 workstation can be designed to maximize A0 performance while avoiding clumsy automation,
CONCLUSIONS
Scaled worlds allow researchers to focus on the phenomenon of interest by paring away non-essential aspects of complex task environments. Such a research tool may be especially useful when the complex environment shapes the phenomenon of interest but the environment per se is not object of study. The two scaled worlds used in the course of Project NEMO have played central roles in advancing our understanding of the cognitive processes involved in A0 situation assessment.
